Metal-assisted chemical etching (MACE) reaction parameters were investigated for the fabrication of specially designed silicon-based X-ray zone plate nanostructures using a gold catalyst pattern and etching solutions composed of HF and H 2 O 2 . Etching depth, zone verticality and zone roughness were studied as a function of etching solution composition, temperature and processing time. Homogeneous, vertical etching with increasing depth is observed at increasing H 2 O 2 concentrations and elevated processing temperatures, implying a balance in the hole injection and silica dissolution kinetics at the gold-silicon interface. The etching depth decreases and zone roughness increases at the highest investigated H 2 O 2 concentration and temperature. Possible reasons for these observations are discussed based on reaction chemistry and zone plate design. Optimum MACE conditions are found at HF : H 2 O 2 concentrations of 4.7 M : 0.68 M and room temperature with an etching rate of z0.7 mm min
Introduction
Nanostructured silicon (Si) is a very attractive material for numerous applications including photonic devices, 1 medicine, 2 energy conversion, 3 and active substrates for sensitive molecular detection, 4 to name a few. Necessary feature sizes range from micrometers down to only a few nanometers. Various methods have been developed to fabricate Si nanostructures using top-down or bottom-up approaches such as vapor-liquidsolid growth, ion beam milling, dry reactive-ion etching or wet etching. 5 The most recent development is metal-assisted chemical etching (MACE), which is a conceptually simple and low-cost alternative especially suited for the production of high aspect ratio structures 6,7 using noble metal nanoparticles such as gold (Au) and silver (Ag). In this paper, we demonstrate the control of reaction parameters together with proposed understanding of the mechanisms in MACE for the fabrication of Sibased X-ray zone plates.
Fresnel X-ray zone plates are widely used as imaging or focusing optics in X-ray microscopes. Zone plates are circular grating structures with radially decreasing line width, and the spatial resolution limited by the outermost zone width. Additionally, the focusing efficiency is given by the zone thickness (etching depth). Smallest zone widths can nowadays reach down to about 10 nm, 8 while thicknesses vary between 100 nm up to several microns, depending on the targeted X-ray energy range. Together with a line-to-space-ratio of 1 : 1, zone plates with their very small structures and large aspect ratios are among the most challenging devices for nanofabrication.
Recently, MACE was applied for the fabrication of Si-based hard X-ray zone plates. 9, 10 In these devices, the Si nanostructure was not directly used as X-ray optical material, but as a scaffold for a thin layer of a metallic material (Ir or Pt) that exhibits a much stronger X-ray diffraction. Both papers demonstrated impressive MACE results of ultra-high aspect ratio Si structures. However, in both studies nearly identical reaction conditions and a drop-etching scheme were used without further motivation. Based on experimental evidence reported in the literature, 6 we expect that reaction parameters have a critical inuence on the etching process, with regards to speed, directionality and side wall roughness. However, since MACE is a process that depends on many interconnected parameters, it is difficult to extrapolate results from other studies to our own case of zone plate patterns.
The goal of this work is to investigate the inuence of etching bath composition, temperature and reaction time in MACE especially for Si-based zone plate nanostructures. We nd that the reaction conditions have a critical inuence on etching speed and roughness of remaining Si structures. Results show that high aspect ratio zone plate nanostructures with vertical sidewalls can be obtained by carefully controlling the MACE reaction at room temperature within few minutes.
Experimental procedure

Materials and chemicals
Hydrouoric acid (HF, 40%), hexyl acetate, acetone and methyl isobutyl ketone (MIBK) were purchased from Merck. Hydrogen peroxide (H 2 O 2 , 31%) and isopropanol (IPA) were from D-BASF. n-pentane was purchased from VWR. Poly(methyl methacrylate) (PMMA, 950 K) was purchased from MicroChem and ZEP7000 was purchased from Zeon Corporation. mr-Rem 400 was from Micro Resist Technology. p-type, boron-doped Si(100) wafers with 1-5 Ucm resistivity were purchased from Si-Mat.
Zone plate patterning
The Si wafers were cut into 10 Â 10 mm 2 pieces and pre-cleaned by sonication in acetone for 5 min, followed by sonication in IPA for 5 min and thereaer cleaned in oxygen/argon plasma in an Oxford Instruments PlasmaLab 80 Plus RIE/ICP system for 5 min. A resist bilayer of 70 nm PMMA and 40 nm ZEP7000 was spin-coated on Si substrates. The substrates were baked on a hotplate for 5 min (PMMA) and 3 min (ZEP) at 170 C aer each resist coating step for ensuring solvent evaporation. The zone plate structures were patterned with a 30 kV Raith Turnkey 150 electron beam lithography system. We chose a zone plate pattern with 100 nm outermost zone width, a diameter of 60 mm and a line-to-space ratio of 1 : 1 for this study. Additionally, small interconnects were added between the zones (Fig. 1) , something that was found important for the etching process (cp. Sect. 3.4).
The exposed ZEP7000 was developed in hexylacetate at À18 C for 30 s and the exposed PMMA resist was developed in 1 : 3.5 (v/v) MIBK : IPA at 10 C for 70 s. Subsequently, the substrates were rinsed in IPA and n-pentane, dried under a nitrogen gas ow and further descummed by oxygen plasma for 13 s for removal of any exposed PMMA/ZEP7000 residues (Fig. 1a) . A 1.5 nm adhesive titanium layer was electron beam evaporated at a rate of 1Å s
À1
, followed by 25 nm Au lm evaporation at 2Å s À1 with an in-house Eurovac/Thermionics deposition system (Fig. 1b) . The resist li-off was performed under gentle sonication in acetone and mr-Rem 400 at 50 C for 5 min each (Fig. 1c) . The samples were then rinsed in deionized (DI) H 2 O, IPA, n-pentane and dried with nitrogen gas. The resulting metal patterned Si substrates were cleaned by oxygen/ argon plasma for 3 min just before the MACE processing. This plasma step was found to be necessary for removal of any surface contaminations that might prohibit the MACE process.
MACE processing of zone plates
All MACE experiments were performed in a polytetrauor-ethylene bath under light protection and repeated at least three times to ensure reproducibility (Fig. 1d) . The conditions for all the experiments are detailed in 
Characterization
Electron microscope micrographs were recorded and crosssections were obtained with a FEI NOVA 200 dual beam scanning electron microscope (SEM) and focused ion beam (FIB) system. The surface roughness was analyzed with a Bruker FastScan atomic force microscopy (AFM) system in tapping mode on Si pillar tops on the third zone of the zone plates.
Results and discussion
The MACE process is described in detail in several reviews.
6,7,11
Chemical etching of Si in HF solutions containing an oxidizing agent is known to be a mixed chemical and electroless process, i.e. a galvanic process. 12, 13 Briey, an etching solution consisting of a strong oxidizing agent, H 2 O 2 in this work, and HF is used to transfer the Au pattern into the Si substrate through a local electrochemical process. The Au layer (cathode site) catalyzes the reduction of H 2 O 2 resulting in hole (h + ) formation that subsequently is injected into the Si in contact with the cathode site. The cathode reaction can be expressed as:
The injected holes oxidize the Si (anode site) to silica (SiO 2 ):
In this electrochemical process there are anode and cathode sites on the surface with local currents owing between them, as described by Turner et al.
14 The local currents originate from the holes injected into Si by the oxidizing agent H 2 O 2 . By combining eqn (1) and (2), the balanced redox reaction can be expressed as:
The formation of SiO 2 is followed by the dissolution due to the presence of excessive HF in the etching solution, forming SiF 6 2À ions according to the following reaction:
By combining eqn (3) and (4) the overall MACE reaction mechanism using H 2 O 2 as the oxidizing agent can be expressed as:
When the redox reaction in eqn (3) is considered, the resultant net positive potential is indicative of the spontaneous, i.e. galvanic, process. The effect of different parameters, as the concentration of chemical species and the temperature, on the cell potential can be calculated by the Nernst equation:
in which E 0 cell is the cell potential at equilibrium, R ¼ 8.3145 J K À1 mol À1 is the ideal gas constant, F ¼ 96 485 C mol À1 is the Faraday constant, T is the absolute temperature in Kelvin and n is the number of moles of electrons/holes transferred in the balanced redox reaction. K represents the equilibrium constant for the balanced redox reaction, and considering eqn (3) 
According to eqn (7), the expected cell potential is calculated for a series of investigated H 2 O 2 concentrations, and processing temperatures (Table 1 ). With increasing concentration of H 2 O 2 from 0.17 M to 1.4 M (C1-C4) the cell potential shows a slightly increasing trend. This is an indication of an increase in the formation and injection rate of holes into Si. Although the temperature does not have a big inuence on the calculated cell potential (C3, C5 and C6), it may inuence the kinetics of the hole injection into Si. However, the temperature is expected to signicantly inuence the dissolution rate of SiO 2 by HF (eqn (4)). The H 2 O 2 concentration, thus, can be considered as the equivalent of the current density in electrochemistry, and therefore the redox reaction rate, while the HF concentration controls the surface chemistry and the dissolution of SiO 2 . In general, all etching solutions resulted in successful, vertical etching across the whole zone plate (Fig. 2a-d) .
The etching solution with lowest H 2 O 2 concentration of 0.17 M (C1) resulted in the smallest (z0.70 mm) etching depth (Fig. 2e) . By doubling the H 2 O 2 concentration to 0.34 M (C2) the etching depth increased (z1.3 mm) (Fig. 2f) . The deepest etching (z2.6 mm) was observed for zone plates processed with 0.68 M H 2 O 2 (C3a) (Fig. 2g) . This trend is expected since elevation of H 2 O 2 concentration in the etching solution should increase the local current density, which in turn increases the etching rate and depth due to the presence of excess HF in the system. A similar trend has been reported for very close concentrations of HF : H 2 O 2 , by Chartier et al., for etching Si with isolated Ag nanoparticles.
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Interestingly, the etching solution with the highest H 2 O 2 concentration of 1.4 M (C4) deviated from the previously mentioned trend, yielding a shallower etched Si. The etching depth is only z0.87 mm (Fig. 2h) . Furthermore, signicant roughness was observed on top of the zones indicating porous Si formation and/or electro-polishing. We propose the following explanation for this behavior. The high H 2 O 2 concentration yields a higher hole density in the etching solution and thus a higher hole injection rate at the Au-Si interface. If this rate is higher than the Si dissolution rate, holes can diffuse in an uncontrolled manner, and to longer diffusion distance, from the Au-Si interface into the material, resulting in oxidation and subsequently dissolution of Si at unwanted sites. This indicates that more holes are consumed at zone sidewalls than at the zone base. Although the etching depth is expected to increase due to the higher concentration of H 2 O 2 , the etching process did not go linearly into the substrate but was rather random around the walls. Therefore, increased wall roughness could be attributed to a more diffuse and faster hole injection rate due to enhanced local electric eld at the Au-Si contact region. This may be a result of our zone plate pattern design where the cathode (Au) surrounds the anode (Si) thus allowing local enhancement of electric eld (cp. Sect. 3.4). We therefore expect that the surface roughness observed in the SEM images on top of the zones to be also present on the sidewalls of the zones. A similar trend of increased roughness (or porosity) has been reported by Chartier et al. for etching Si with isolated Ag nanoparticles, 12 when increasing the H 2 O 2 concentration while keeping the concentration of HF constant.
Since zone side-wall roughening affects the diffraction efficiency of the zone plates in a negative way, 15 we investigated the roughness for the samples with unexpected etching behavior using AFM. For the highest H 2 O 2 concentration (C4) the surface roughness was 2.3 nm rms. In contrast, solution C3a showed only a roughness of 0.56 nm rms. Since the etching solution C3a also showed the most profound etching depth, it was selected for further investigations on the reaction parameters of temperature and time.
Investigation of etching temperature
Previous work on the fabrication of zone plates with MACE process used temperatures between 6-10 C without further elaboration of this choice. 9, 10 In general, hole production via reduction of H 2 O 2 and hole injection rate into Si should be a function of temperature, and accordingly Cheng et al. 16 and Backes et al. 17 report an increase in etching depth at higher temperatures. In order to better understand our process and eventual benets of non-room-temperature processing, we investigated the MACE process at two additional temperatures Table 1 ). All investigated MACE processing temperatures resulted in vertical etching across the whole zone plate (Fig. 3a-c) . The zone plates etched at 10 C (C5) had the smallest depth (z0.32 mm), as expected, due to slower hole injection and dissolution rates at lower temperature (Fig. 3d) . As described in the previous section, greater etching depth (z2.6 mm) was obtained for the zone plates etched at 25 C (C3a, Fig. 3e ). The zone plates processed at 40 C (C6, Fig. 3f ) had a smaller etching depth (z1.2 mm) compared to the zone plates processed at 25 C, which is against the expected trend. Furthermore, the zones showed a surface roughness of 3.8 nm rms in the AFM measurements probably as the result of an imbalance in the hole injection and the dissolution rates. We note that zone plates processed at 40 C look very similar to zone plates obtained using high H 2 O 2 concentration (HF : H 2 O 2 concentrations of 4.7 M : 1.4 M) (Fig. 2h) . This might indicate the processing in a similar MACE regime.
The results from the investigation of etching solution composition and temperature indicate that a balanced MACE reaction with adjusted hole injection and SiO 2 dissolution rate is crucial in order to obtain vertical and smooth nanostructures. We nd this regime at room temperature, which offers important advantages compared to other conditions; specically, no need for temperature modulation (heating or cooling) and relatively fast etching rate (z0.7 mm min À1 ).
Etching time
The efficiency of zone plates shows a maximum at a certain depth of the nanostructures for a given X-ray energy. Therefore, a constant MACE speed would be important since the nal zone depth could simply be adjusted by the etching time. Consequently, we investigated the depth of Si nanostructures using our selected solution with HF : H 2 O 2 concentrations of C3a-C3d) . Fig. 4 shows the results of the etching depth as a function of etching time in a graphical form. The etching depth increases linearly with etching time and has a rate of z0.7 mm min À1 . The differences in zone thickness within the zone plate, indicated by the error bars in Fig. 4 , are a result of the characteristic zone plate pattern. The width of the zones decreases towards the outer parts of the zone plate from 1 mm to 100 nm and consequently etching depth varies slightly (4-6% for all samples). Nevertheless, this very low variation highlights the fact that the dissolution of Si is homogeneous even in the narrowest part of the zone plate. The diffusion of etching solution and byproducts in and out from the nanostructures seems to be free even at large aspect ratios (narrow channels). Furthermore, no measurable change in pH of the etching solution was detected before and aer MACE processing for 32 min (pH ¼ 0-0.5). This is probably due to a negligible change in the HF concentration because of the small size of processed zone plates with respect to the bath volume. It should be possible to continue the MACE process for longer time periods than 32 min and larger etching depth without the need of replenishing the etching bath.
Pattern design
An interconnected, grid-like Au catalyst pattern was used in the MACE processing of Si zone plates. Although the pattern design is not a parameter in the present study, it does have an inu-ence on MACE process results. Therefore we want to detail here some of our ndings. It seems to be benecial to have a design where the Au catalyst zone plate rings are interconnected. Our attempts to etch normal zone plate (made of concentric Au rings) patterns did not yield a reproducible, good quality pattern transfer into the Si. The rings of the zones did not etch down vertically into the Si in a controlled way. In contrast, by adding small Au interconnects the etching became vertical and homogeneous over the whole zone plate (Fig. 2 and 3) . We attribute this to a situation where charges can distribute evenly in the Au catalyst-Si interface. Additionally, the interconnects prohibit non-vertical motion of the catalyst during MACE process, something oen observed for isolated catalytic nanoparticles.
6
Interconnectivity helps etchants and formed products to move in and out allowing quick replenishment of the reagents at the catalytic sites.
A disadvantage of a totally interconnected design is that it will result in free-standing Si nanopillars. For very high aspect ratios and smallest zone sizes, these pillars will become mechanically unstable. Our pattern design resulted in freestanding and stable Si structures for up to 8 min etching time at z6 mm depth. At longer processing time the Si pillars collapsed (see inset in Fig. 4) . It is important to note that we did not dry our samples in a critical point dryer, which could prevent the collapse of deeper structures.
A possible alternative to improve the stability of the Si nanostructures is the addition of Si interconnects or anchors. This was already demonstrated by Chang et al. 9 and Li et al. 10 We also investigated such designs but with limited success. We observed that the loose ends of Au catalyst, especially in the outer part of the zone plate, at random positions started to etch in a non-vertical direction (Fig. 5) . One could shorten the length of these Au parts as done in Li et al. 10 to minimize this effect, however, this will increase the number of interconnects and further reduce the active zone plate area and consequently the efficiency.
Finally, Chang et al. 9 rst proposed the utilization of a large Au ring around the zone plate as a electron hole balancing C (C3a). Arrows indicate positions with non-vertical etching behavior of Au catalyst stripes. This specific zone plate was on the same Si wafer as the zone plate presented in Fig. 2(c and g ) and processed under exactly identical conditions. structure necessary for vertical MACE. Accordingly, we also added a ring consisting of small Au rectangles to our pattern design (Fig. 5) . Although our ring is only 500 nm wide and considerably smaller than the one used in Chang et al., 9 we still obtain vertical etching for all conditions investigated in our study. This, together with the above mentioned observations, makes us believe that an interconnected grid design is the key for our highly hierarchical vertical zone plate MACE processing in a highly reliable, reproducible and scalable level.
Conclusion
We demonstrated the signicance of etching solution composition and temperature for controlling MACE processing of Sibased zone plates. Our results revealed that the process can be controlled at room temperature in an etching bath, yielding a high etching rate of z0.7 mm min
À1
, resulting in vertical, high aspect ratio Si nanostructures. This is about an order of magnitude faster than previously reported results.
9,10 At some tested temperatures and etching bath compositions the etching process did not translate linearly into the Si substrate but rather diffused into the Si walls, producing rough Si surfaces. This is an important nding that is linked to our specic zone plate pattern design with interconnected Au rings, enhancing local electric elds at the Au-Si contact region. The roomtemperature MACE process developed in this work is well suited for the fabrication of X-ray zone plates, since high aspect ratio structures can be conveniently obtained within only a few minutes etching time. We believe our ndings provide insight for Si processing, microfabrication and nanomaterials fabrication elds. The developed fabrication procedure with a grid catalyst design and an optimized etching solution can be used for nanostructuring Si for a wide-range of applications.
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